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1. Introduction

In the two years since the last CKM workshop, some of the key results were:
• Exclusive Vub : The calculation of the form factors for B → V in LCSR, and for Λb → p
and Bs → K in Lattice QCD [1]. There have further been experimental updates to B → π
(resulting in a precise determination of Vub from a combination by HFAG [2]) and B → V ,
and a measurement of Λb → p`ν at LHCb.
• Inclusive Vub : The development of neural networks for use in analyzing inclusive semileptonic B decays: NNVub [3], as well as new Babar result probing the endpoint region [4].
• Exclusive Vcb : The update of B → D∗ `ν [5] and B → D`ν [6] from the full Belle ϒ(4S)
dataset as well as the calculation on the Lattice of the form factors for Bs → Ds [7].
• Inclusive Vcb : An updated HFAG result for 2016 was presented [2], and improvements to
2 /m2 ) [8].
the theory calculation using the GGOU method at O(αs µπ/G
b
• Leptonic decays: In 2015 a semileptonic tag result for B → τν was released by Belle [9]

• RD and R∗D : The HFAG combination of RD∗ and RD including correlations shows a deviation
of ∼ 4σ from the Standard Model [2]. The 2015 LHCb measurement of RD∗ has similar
central value to 2012/13 BaBar [10]. There are also three new measurements from Belle for
R(D)[11] and RD∗ [11, 12, 13], two of which with leptonic taus.

In the following we will discuss these results in more detail, providing a brief overview of the recent
progress in the field of semi-leptonic B decays both on the experimental and theoretical side.

2. Exclusive decays
2.1 Exclusive b → c ` ν̄`
The discussion on exclusive b → c ` ν̄` was dominated by two new measurements by the Belle
collaboration and the applicability of the CLN parametrization [14]. Growing indications seem to
imply that at least a partial explanation for the difference between |Vcb | from inclusive and exclusive
1
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Semileptonic decays of the form b → q`ν̄ and the closely related leptonic decays B− → `ν̄ are
among the simplest charged-current transitions in the standard model. They are dominated by treelevel graphs involving the emission of a virtual W boson with a single CKM factor, and interactions
between the leptonic and hadronic parts of the final state lack the kinds of nonperturbative effects
present in hadronic B decays. These properties mean that semileptonic decays provide an excellent
probe of b → c and b → u charged current interactions, provided that an adequate description can be
provided for the matrix elements governing the hadron level Hb → Hq +X transitions. They are thus
very important for providing information on the CKM elements |Vcb | and |Vub |, and constraining
the length the side of the unitarity triangle opposite β /φ1 . At the same time, this simple decay
structure allows for their use as a probe for new interactions, particularly in the form of tests of
lepton flavor universality, which demands that the amplitudes for the semileptonic decays to e, µ,
and τ leptons be equal up to explicitly mass-dependent effects.
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|Vcb | = (39.9 ± 1.3) × 10−3 ,

|Vcb | = (40.8 ± 1.1) × 10−3 ,
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determinations could be due to underestimated theory uncertainties on the sum-rule assumptions
incorporated in Ref. [14]. The state-of-the-art determination of |Vcb | for B → D ` ν̄` combines the
experimentally measured distributions with beyond zero-recoil lattice information [6, 15] and carries out the extraction in a combined theory-data fit. For B → D∗ ` ν̄` no lattice information beyond
zero-recoil [16] is available yet, but providing this is seen as a priority by the lattice community.
Precision measurements of B → D ` ν̄` and B → D∗ ` ν̄` not only provide an avenue for |Vcb |, but
also play a crucial role in predicting the relative rate of decays to the tau lepton relative to light
leptons. Belle showed two recent measurements that provide fully unfolded decay distributions
for the recoil parameter w = vB vD(∗) for B → D ` ν̄` and B → D∗ ` ν̄` decays and decay angles for
B → D∗ ` ν̄` . An example of the measured spectra is shown in Figure 1, taken from Refs. [17, 5].
Fitting the B → D ` ν̄` data using CLN or the model independent BGL [18] parametrization results
in
(2.1)

respectively. The value recovered from the BGL fit is noticeably compatible with inclusive determinations of |Vcb |, reducing a long standing tension. A more detailed summary may be found in
Ref. [19]. Fitting the B → D∗ ` ν̄` data with CLN Belle reports
|Vcb | = (37.4 ± 1.3) × 10−3 .

(2.2)

Belle also reported unfolded decay distributions for B → D∗ ` ν̄` for the first time. These results
were used in more recent publications [20, 21, 22] to explore form factor parameterizations beyond
CLN and report a sizeable shift when using BGL [18] of
|Vcb | = (41.7 ± 1.7) × 10−3 ,

(2.3)

a value very compatible with the inclusive determinations of |Vcb |. Finally there are recent efforts to
extract |Vcb | from Bs [23] and Bc decays, relevant progress on the Lattice can be found in Refs. [15,
24] respectively.
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FIG. 7. Di↵erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coefficients of the BGL series.
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We interpret our measurement of
/ w in terms of ⌘EW |Vcb | by using the currently most established method,
i.e., by fitting
/ w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
⌘EW G(1)|Vcb | by the form factor normalization at zero recoil G(1) to obtain ⌘EW |Vcb |. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find ⌘EW |Vcb | = (40.12 ± 1.34) ⇥ 10 3 . Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find ⌘EW |Vcb | =
(41.10 ± 1.14) ⇥ 10 3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming ⌘EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb | = (39.86 ± 1.33) ⇥ 10 3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb | = (40.83 ± 1.13) ⇥ 10 3 for the fit using the BGL
parameterization and lattice data.

2

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of ⌘EW |Vcb | from the decay B ! D`⌫` to 2.8%. The value of ⌘EW |Vcb | extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb | extracted from inclusive semileptonic decays [3] and |Vcb | from B ! D⇤ `⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].
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Figure 2: Current measurements of R(D) and R(D∗ ) with average and correlations. Taken from Ref. [2].

2.2 Exclusive b → c τ ν̄τ and tests of Lepton Flavour Universality
In the past few years, much experimental and theoretical effort has been devoted to understanding the hints of a possible excess of B̄ → D(∗) τ ν̄ decays relative to B̄ → D(∗) `ν̄, ` = µ or e,
predicted to be [1, 25]
B(B̄ → Dτ ν̄)
= 0.300 ± 0.008,
B(B̄ → D`ν̄)
B(B̄ → D∗ τ ν̄)
= 0.252 ± 0.003.
R(D∗ ) ≡
B(B̄ → D∗ `ν̄)
R(D) ≡

(2.4)
(2.5)

The R(D) prediction has been updated and improved over the past two years with lattice form
factor fits from both the HPQCD [6] and FNAL/MILC [26] collaborations. Both calculations use
2+1 flavor improved sea quark actions from MILC and probe the form factors across the full q2
range of the decay. The former uses NRQCD bottom quarks with HISQ valence and charm quarks,
while the latter makes use of improved Fermilab-interpretation Wilson fermions for bottom and
charm and asqtad-improved staggered light valence quarks. The results are in excellent agreement,
and a campaign is underway to extend these kinds of lattice calculations to the D∗ final states as
well as other B hadron flavors.
The earlier BaBar result [27] using the hadronic tagging technique on the full dataset has been
joined by three new results using the full Belle dataset. The first of these uses a hadronic Btag and
measures both R(D) and R(D∗ ) by simultaneously fitting the missing mass peak at zero and a neural
net output at high missing mass for both the D and D∗ dominated samples [11]. They find a result
consistent with both the Standard Model and the 2012 BaBar result, R(D) = 0.375 ± 0.064 ± 0.026
and R(D∗ ) = 0.293 ± 0.038 ± 0.015. In addition, Belle has employed a semileptonic Btag technique to provide an independent measurement of R(D∗ ) alone, employing the unassociated extra
calorimeter energy along with a multivariate classifier based on the event kinematics to discriminate the various contributions. This result is in agreement with the hadronically-tagged result,
yielding R(D∗ ) = 0.302 ± 0.030 ± 0.011. Finally, Belle has also presented a preliminary new result
using a hadronic Btag , but analyzing the τ − → π − (π 0 )ν decay channel. This approach sacrifices
3
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2.3 Exclusive b → u ` ν̄`
The three most recent LCSR calculations were carried out in 2012 (2-loop corrections to f+ (0)
for B → π [35]), 2014 (Bayesian analysis also f+ (q2 ) for B → π at NLO [36]) and 2015 (update
to the form factors for B → V from LCSR [37]). For B → π, a NNLO (O(αs2 β0 )) calculation of
f+ (0) was performed, with the result f+ (0) = (0.262+0.020
−0.023 ) with uncertainties . 9% [35]. This
calculation tested the argument that radiative corrections to f+ fB and fB should cancel when both
4
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the identical reconstruction of the signal and normalization decays in the leptonic tau decay channel, but in exchange gains experimental sensitivity to the τ decay angles and polarization. Belle
+0.21
quotes a preliminary result of R(D∗ ) = 0.270 ± 0.035+0.028
−0.025 and Pτ = −0.38 ± 0.51−0.16 [13].
A new contributor in this area is LHCb, who in 2015 published their own measurement of
R(D∗ ) using the 2011 and 2012 collision data at the Large Hadron Collider. They use a technique involving a controlled but imprecise approximation of the total B momentum to estimate the
missing mass, q2 and lepton energy and perform a 3-d fit for the signal. The lack of a full-event
reconstruction results in higher backgrounds from other B decays, in particular those of the form
B̄ → D∗ DX, which can only be partially suppressed by use of charged-track isolation. Still, the
large statistics proves to be quite powerful and they obtain a similar sensitivity to the Belle results,
reporting R(D∗ ) = 0.336 ± 0.027 ± 0.030 [10]. Though the quoted systematic uncertainty is larger
than the statistical uncertainty, it is dominated by a combination of control sample statistics and
finite simulation size, and so does not constitute a limit on future sensitivity. They expect results in
the near future using the same dataset for a combined and improved R(D) vs R(D∗ ) measurement,
as well as a measurement using the τ − → π − π + π − (π 0 )ν decay. The latter is a particularly attractive mode at LHCb due to the very large lab momentum involved: imposing strict requirements on
the spatial order of the reconstructed B, D and τ decay vertices allows for the suppression of the
largest backgrounds.
The current experimental situation is summarized in Figure 2 [2]. The p-value of the world
average with respect to present SM calculations is 8.8 × 10−5 (≈ 3.9σ ). Though this does not rise
to the level of a definitive observation of a deviation from the SM, the measurements of the past
two years have strengthened rather than relaxed the tension from [27] and so there has been much
theoretical effort to understand what sorts of New Physics models could generate an enhancement
of this size while remaining consistent with all other available data.
The large relative enhancement in R(D∗ ) disfavors a charged Higgs of the type-II two Higgs
double model, though a MSSM-like type-III two Higgs doublet structure with flavor violation in
the up sector could accommodate both. Leptoquark explanations were also presented to account
for the possible enhancement [29, 30, 31, 32], with certain models generating both an R(D(∗) )
enhancement as well as deviations from lepton universality in b → s`+ `− processes which may be
dependent on the spin of the hadronic final state. More exotic models have also been put forward
including the introduction of a scale at which spacetime becomes non-commutative (using the
same framework as, e.g. [33]). A consensus has emerged on the theoretical front that differential
distributions must be utilized to distinguish NP models and more clearly observe non-SM-like
effects in these decays [34, 29]. The possibility of investigating such observables with the present
data is a topic of active discussion, but will be challenging with the present small signal yields
(O(100)) at the B-factories or the large backgrounds and poorly-constrained kinematics at LHCb.
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The latest updates to Vub from LCSR come from the channels B → ρ/ω: updated LCSR results
including correlations and employing the eqution of motion to constrain the sum rules parameters
are now available [37]. The result for |Vub | from B → ρ`ν has comparable errors to the B → π
determination. In general the B → V results agree with previous exclusive determinations and
global fits within errors.
At LHCb, 20% of b-hadrons produced are Λb baryons, and smaller backgrounds of p in the
underlying event make a determination of |Vub | in this system attractive. By measuring the ratio of
branching fractions of Λb → p`ν to Λb → Λc `ν [38], LHCb has extracted |Vub |/|Vcb | using Lattice
QCD results for the form factors [39]. The isolation of the proton-muon vertex is important to reduce (but not eliminate) backgrounds; for this reason a multivariate classifier is used. A fit is made
in the corrected mass (approximately the transverse mass with respect to the vertex displacement
direction) which peaks at the true Λb mass. The effects of a twofold ambiguity in the full momentum of Λb is reduced by requiring both solutions to be above 15 GeV2 . The error is presently
systematics dominated, mostly due to the uncertainty on the branching fraction of Λc → pKπ, as
well as the trigger and tracking efficiency. A future target for LHCb is the channel Bs → Kµν.
Again, the form factors from lattice are available with good accuracy [7]. While there is a large
production of Bs (14% of all b-hadrons), the backgrounds are harder here as there are many more
sources of µ + K than µ + p, the most dangerous being the Bs → K ∗ µν which has to be fitted along
with the signal. Possible methods to increase sensitivity to this channel were discussed.
A comprehensive overview of results from the B factories was presented, of which the highlight was the combination of B → π`ν measurements, where the most precise measurements (i.e.
Refs. [40, 41, 42, 43]) were averaged with a likelihood fit, resulting in a very precise value of
|Vub |π`ν = (3.65 ± 0.09exp ± 0.11theo ) × 10−3 , a 4% relative uncertainty [2], using a BCL fit, the
LCSR NNLO result for f+ (0) [35] mentioned above and the Lattice results from Ref. [44]. Updates to B → (ρ, ω, η (0) )`ν measurements [41, 42, 43] were also presented, in particular an untagged result from BaBar and a tagged result from Belle for B → ρ`ν, resulting in |Vub |ρ`ν =
(3.21 ± 0.11exp ± 0.22theo ) × 10−3 using the LCSR form factor calculation discussed earlier [37].
The expected |Vub |π`ν precision with Belle II dataset and LQCD forecasts are 1.7% and 1.3% for
tagged and untagged analyses respectively, from a Monte-Carlo study (provided by the Belle II
Theory Interface Platform, a detailed report is in preparation) with Lattice QCD forecasts (thanks
to A. Kronfeld, T. Kaneko and S. Simula). The projections for the other channels are not yet
available, however with the expected sample sizes it should be possible to perform a full angular
analysis, such that progress on the theory side would be desirable.
5
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calculated in sum rules (the 2-loop contribution to fB in QCDSR is sizeable). More recently unitarity bounds and extrapolation were used to perform a Bayesian analysis of the form factor f+ (q2 ) for
B → π [36]. Prior distributions were taken for inputs, a likelihood function was constructed based
on fulfilling the sum rule for mB to 1%, and posterior distributions were obtained using Bayes’
theorem. The posterior distributions of the inputs differed only for s0 , which was pushed to higher
values s0 = 41 ± 4 GeV (mainly due to the choice of mb ). Finally the results were fit to the BCL
parameterization, finding a central value of f+ (0) = 0.31 ± 0.02 (larger due to the central values
of mb and µ). Obtaining f+ (q2 ) and the first two derivatives at 0 and 10 GeV2 has allowed the
extrapolation to higher q2 using improved unitarity bounds.
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3. Inclusive decays
3.1 Inclusive b → c ` ν̄`

|Vcb | = (42.19 ± 0.79) × 10−3 ,

mkin
b = 4.554 ± 0.018 ,

µπ2 = 0.464 ± 0.076 .

Fitting time (New HFAG Fall 2016 result)

(3.1)

This fit includes recent sum-rule results on the charm-quark mass and O(αs Λ2QCD /m2b ) contributions. The error on |Vcb | is dominated by theory uncertainties of the measured moments. The fitted
Fitting
and theWithout
latest predictions
from
Phys.Rev.Lett.
114 (2015), 061802
χ 2 is 14.6
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First Lepton Moment
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Figure 3: The first moment of the inclusive lepton momentum and the partial b → c ` ν̄` branching fraction
are shown. Both plots are from Ref [2].

On the theory side, recent progress was reported on including corrections up to O(1/m4,5
b ).
Such corrections have been incorporated by [45] leading to a modest shift of
|Vcb | = (42.00 ± 0.64) × 10−3 ,

(3.2)

leaving the inclusion of O(αs /m3b ) and O(αs3 ) effects as the next thing to include to further reduce
the theory error.
6
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The determination of inclusive |Vcb | is based on using the heavy-quark expansion and the combined analysis of measured moments of the decay spectra characterizing the b → c ` ν̄` transition.
The moments of the lepton spectrum and the invariant mass squared spectrum can be related to five
non-perturbative parameters in b → c ` ν̄` and determined using a χ 2 fit. Predicting the moments
requires knowledge of mc,b , and the two most important sources of theory uncertainties are from
missing higher order corrections in the heavy-quark expansion and terms that violate quark-hadron
duality. These uncertainty sources are added into the fit by constructing a covariance matrix that
can be used in the extraction. An example for the fitted first lepton moment and the partial inclusive
b → c ` ν̄` branching fraction are shown in Figure 3. The shown fit uses the kinetic scheme [2] and
finds
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3.2 Inclusive b → u ` ν̄`

Inclusive observables may be expressed using the OPE as a double series in Λ/mb and αs in
3
2
and ρD,LS
. The dominant nonterms of non-perturbative parameters, which for |Vub | are mb/u , µπ/G
perturbative contributions are usually resummed into a shape function f (k+ ). This shape function
is accessed using constraints from the OPE and fits to semi-leptonic data. These shape functions
depend on q2 , and may be written in terms of simple 2 parameter functional forms. The use of
artificial neural networks, via the tool NNVub, to parameterize shape functions without bias and
extract |Vub | using the GGOU method from theoretical constraints and data, together with HQE
parameters, in a model independent way (without assumptions on functional form) has recently
been developed [3]. This would provide a means of estimating the uncertainty arising from shape
functions in the B → Xu `ν channel. The method can easily be extended to include new information,
i.e. Belle-II experimental data or OPE constraints, by reweighting (instant) or retraining (slow).
Finally, the comparison with data will validate the inclusive approach to Vub in a much more
stringent way, and in the future it is hoped that NNVub and similar tools will be able to reduce the
uncertainty on inclusive |Vub | to the level of that on inclusive Vcb .

This idea is conceptually similar to the SIMBA approach presented at earlier instalments of
this conference (see e.g. Ref. [49]), where the shape function is modelled in a model independent
way using an orthogonal set of basis functions; in the shown framework the leading shape function
from b → u can be related to the leading shape function of b → s γ and to moment constraints from
b → c transitions. This allows one to measure inclusive |Vub | in the experimentally most precise
region, where b → c is forbidden and shape function effects are large. Such an approach seems a
promising way to utilize Belle II data.
Obtaining Vqb from inclusive channels relies on dimension seven and eight HQET operators.
A general approach to constructing HQET operators has been devised, using tensor decomposition
and certain symmetries (e.g. PT symmetry and hermiticity) of the final HQET matrix elements to
systematically write the operators in a given dimension. This method has a number of applications:
different bases can easily be related; higher dimension operators can be constructed i.e. dimension
9; moments of the leading order shape function up to and including dimension 9 HQET operators
can be obtained; it can be verified that the set of operators is complete; the HQET operators may
be related to NRQCD operators [50]. As a result of the last relationship, it is postulated that
the structure of effective field theories may be simpler than was previously thought. As mentioned
earlier, a new BaBar result has recently been published involving an inclusive fit to e± spectrum [4].
The fit was carried out extending in the range [pmin , 2.7] GeV, where pmin is from 0.8 to 2.1 GeV,
avoiding details of the endpoint (shape function dominated) region by use of a single wide bin
7
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The kinematic region for b → u inclusive is quite resrticted by experimental and theoretical
constraints, i.e. due to cuts designed to reduce sensitivity to non-perturbative effects, and to avoid
large backgrounds from b → c. Despite the tension with exclusive |Vub |, results from different
calculations (BLNP [46], GGOU [47] and DGE [48]) and acceptance regions, inclusive |Vub | appears internally consistent. Furthermore the tension between the exclusive and inclusive results for
|Vub | may, in fact, be receding due to new Lattice QCD results and a new Babar endpoint analysis. Additional progress in this direction is expected with Belle-II and LHCb data in a number of
channels.
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there. A Hybrid fit model incorporates exclusive final states into the inclusive spectrum. The total
experimental error on |Vub | is below 4% for pmin < 2.4 GeV.
In addition, several possible improvements using the large Belle II dataset should be mentioned; first a detailed composition of the B → Xc eν background requiring measurement of exclusive final states e.g. D(∗) nπ, D(∗) η. The modelling of B → Xu `ν decays incorporating resonant and
non-resonant states into the Monte-Carlo can be improved by measuring exclusive e.g. B → nπeν
final states.

Closely related to the semileptonic B decays are the purely leptonic decays B− → `ν̄. As
in the semileptonic decays, these are tree-level decays but in an annihilation topology. These
provide a potentially powerful tool to measure the CKM element |Vub |, as they involve only a
single nonperturbative parameter, the B meson decay constant fB . In combination with a measured
value of |Vub |, such decays also can be used to search for new physics contributions. The challenge
then is to cleanly measure the absolute decay rate in these rare modes that have substantial missing
energy.
Progress in leptonic decays has been slow in the gap between the end of B-factory running and
the start of the Belle II physics program. Belle has supplemented their hadronically-tagged B+ →
τ + ν analysis [51] with a new result using semileptonic tags with similar statistical uncertainty but
larger systematic uncertainty [9]. The preferred value of |Vub | from the B+ → τ + ν is presently in
much better agreement with sin(2β ) and other b → u processes than in the past. Additionally, new
results in tagged B+ → (µ + or e+ )ν [52], B+ → (µ + or e+ )νγ [53] and B+ → (µ + or e+ )X 0 [54]
have been produced by Belle in anticipation of the enormous statistical power that Belle II will
bring to bear.

5. Conclusion
Looking ahead to the 2018 CKM workshop, more new results are expected in semileptonic B
decays on both the theory and experiment fronts. With Belle II on the horizon, further refinements
are still needed to be fully ready for the large datasets, particularly from the Lattice, e.g. for B(s) →
D∗(s) . In the meantime, LHCb is expected to continue to produce measurements in other b hadron
systems such as Bs , and b → cτν measurements in a variety of initial and final states. Such further
progress is needed and welcome to explore the present puzzles in semileptonic decays, including
the inclusive-exclusive branching fraction “gap”, the ambiguous tensions in determinations of |Vub |
and the possible enhancement of the semitauonic branching fractions.
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doi:10.1103/PhysRevD.85.094025 [arXiv:1203.2654 [hep-ph]].
[26] J. A. Bailey et al. [MILC Collaboration], Phys. Rev. D 92, no. 3, 034506 (2015)
doi:10.1103/PhysRevD.92.034506 [arXiv:1503.07237 [hep-lat]].

[28] A. Abdesselam et al., arXiv:1608.06391 [hep-ex].
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